Purpose This study will determine whether MTT assays accurately assess the eVect of STI571 (Gleevec; Abl kinase inhibitor) on the viability of cancer cells containing highly active Abl kinases. Methods Growth kinetics, tritiated thymidine, Xuorescent caspase, MTT, and Cell Titer Glo (CTG) assays were used to determine the eVect of STI571 on growth, proliferation, apoptosis, and viability of melanoma and breast cancer cells. Results STI571 inhibited growth and proliferation, and increased apoptosis. However, MTT assays indicated that STI571 increased cell viability. In contrast, STI571 induced a dose-dependent decrease in viability using CTG assays. Conclusions Doses of STI571 (1-10 M) required to inhibit endogenous Abl kinases interfere with the MTT assay, and therefore MTT cannot be used to determine the eVect of STI571 on viability using these doses. Additionally, caution should be utilized when interpreting the results of MTT assays used to screen kinase inhibitors for anti-cancer activity, as drug eVectiveness may be minimized.
Introduction
The Abl family of non-receptor tyrosine kinases (Abl kinases) includes two proteins, c-Abl and Arg, encoded by Abl1 and Abl2 genes, respectively [1] . c-Abl and Arg are highly homologous in their N-termini, where they contain SH3, SH2, and kinase domains, but are more divergent in their C-termini [1] . Abl kinases are known for their involvement in human leukemia, as c-Abl is translocated next to BCR, which results in a BCR-Abl fusion protein that drives the development of chronic myelogenous leukemia (CML) [2] . STI571 (Gleevec; imatinib) was developed to speciWcally inhibit BCR-Abl and is FDA-approved to treat CML [3] . In addition to BCR-Abl, STI571 also inhibits endogenous c-Abl and Arg [4] . We showed that endogenous Abl kinases are activated by growth factors (platelet-derived growth factor, PDGF; epidermal growth factor receptor, EGF), and promote proliferation, membrane ruZing, and migration in Wbroblasts [5, 6] . SigniWcantly, we recently demonstrated that Abl kinases also are activated downstream of deregulated growth factor receptors (PDGFR, EGFR, IGF-1R, ErbB2/Her-2) and Src family kinases in invasive breast cancer cells, and promote invasion, proliferation, and survival in response to nutrient deprivation [7, 8] .
The MTT (3,-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) colorimetric assay is widely applied to assess cell viability, proliferation, and diVerentiation. The tetrazolium salt MTT is reduced to formazan, which can be analyzed colorimetrically. Reduction of MTT to formazan is due to cellular enzymatic activity not only in the mitochondria, but also in endosomes and lysosomes [9, 10] . The MTT assay is commonly used to screen compounds for eVects on viability; however, there are several reports of agents that increase MTT reduction to formazan without increasing cell viability, including drug eZux inhibitors, genistein, ursolic acid, resveratrol, and interferons [11] [12] [13] [14] . Despite these reports, tetrazolium-based assays continue to be used for screening cell lines for the eVectiveness of various drugs/compounds, many times without corroborating results using complementary assays.
Here, we report that STI571, an Abl kinase inhibitor, inhibits cell growth, proliferation, and induces apoptosis of two cell lines containing high Abl kinase activity: MDA-MB-435s melanoma cells and MDA-MB-468 breast cancer cells. However, MTT assays clearly show a dose-dependent increase in MTT reduction to formazan with STI571 treatment, which is inconsistent with proliferation and apoptosis assays. In contrast, we demonstrate that another viability assay, Cell Titer Glo (CTG), which measures cellular ATP and does not require reduction of a compound is a better method for determining the eVect on viability, as the results are consistent with tritiated thymidine and caspase assays.
Materials and methods

Reagents
STI571 (Gleevec; imatinib) was obtained from Novartis Pharmaceuticals (Basel, Switzerland), dissolved in water at a concentration of 10 mM, and stored at ¡80°C. Doxorubicin was obtained from Sigma (St. Louis, MO, USA) and dissolved in water.
Growth kinetic assay
Cells were plated in 6-well dishes in triplicate, so that cells were 30% conXuent the next day when they were treated with STI571, and trypan blue-negative cells were counted on a hemacytometer on the indicated days. Cells were fed with fresh media and STI571 every third day.
Tritiated thymidine assay
Cells were plated in 12-well dishes in triplicate, and the next day the media was replaced with media containing STI571. Seventy-two hours later, cells were labeled with tritiated thymidine for 2 h, harvested by washing with phosphate-buVered saline, 10% trichloroacetic acid (TCA), incubating in 10% TCA for 45 min, solubilizing radioactivity in 0.2 N NaOH, and reading on a scintillation counter.
MTT assay (Sigma, St. Louis, MO, USA) Cells were plated in triplicate in 96-well plates at a density of 2,500 cells/well, and the next day the media was replaced with media containing STI571. After 72 h, the media was replaced with 3-(4, 5-methylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT)-containing media (0.5 mg/ml), incubated at 37°C for 4 h, an equal volume of solubilization solution (10% SDS, 0.01 M HCl) was added, and the plate was incubated at 37°C overnight to solubilize formazon crystals. Absorbance was measured at 570 nm in a Biotek Synergy 2 plate reader (Biotek, Winooski, VT, USA).
CTG assay (Promega, Fitchburg, WI, USA) Cells were plated in triplicate in 96-well dishes (2,500 cells/well), the day after plating the media was replaced with media containing STI571, and 72 h later an equal volume of CTG reagent was added. Plates were rocked on a rotator, half of the total volume of each well was transferred to a 96-well opaque plate, rocked for 2 min, and total light emitted was measured 10 min later on a Biotek Synergy 2 plate reader.
Fluorescent caspase-3/7 assay (Sigma, St. Louis, MO, USA)
Cells were plated in 6-well dishes (60,000 cells/well), treated for 40 h with STI571, and lysed in 1X lysis buVer. Lysate (5 l) was added to an opaque 96-well plate, incubated with 200 l of substrate (diluted 1:4), and Xuorescence was assessed at 360 nm (excitation)/460 nm (emission) using a Biotek Synergy 2 plate reader. Relative Xuorescence units (RFUs) were divided by the protein concentration of each sample, which was determined by Bradford assay (Biorad, Hercules, CA, USA).
Results
Previously, we showed that Abl kinases are activated in invasive breast cancer cells and also in MDA-MB-435s cells [7] . MDA-MB-435 cells were originally thought to be a breast cancer cell line, but recently were shown to be M14 melanoma cells [15] . MDA-MB-435s is a highly invasive, spindle-shaped variant derived from MDA-MB-435. We demonstrated that treatment of cell lines containing active Abl kinases, grown in serum conditions with the Abl kinase inhibitor STI571 (Gleevec), dramatically inhibits cell growth [8] . The growth rate of MDA-MB-435s melanoma cells and MDA-MB-468 breast cancer cells in the absence or presence of STI571 is shown in Fig. 1a [8] . A dose of 10 M STI571 was used for this assay, because we showed that 10 M was required to reduce phosphorylation/activity of active endogenous c-Abl by 65-75% [7] . To determine whether the decrease in cell growth was due to decreased proliferation, we performed tritiated thymidine proliferation assays. We found that proliferation was dramatically reduced in MDA-MB-435s and MDA-MB-468 cells treated with STI571, and these eVects were dose-dependent (Fig. 1b) [8] . STI571 inhibits c-Kit and PDGF receptors in addition to Abl kinases [4] . PDGF receptors are not expressed in either cell line, while c-Kit is expressed in MDA-MB-468 but not MDA-MB-435s cells [7] . To determine whether STI571 induces apoptosis of cells grown in serum-conditions, we performed Xuorescent caspase-3/7 assays. SigniWcantly, treatment of MDA-MB-435s and MDA-MB-468 cells with STI571 increased caspase activity (Fig. 1c) . Therefore, STI571 reduces the growth of cells in serum by inhibiting proliferation and inducing apoptosis.
Since both proliferation and apoptosis are aVected by STI571, viability assays should demonstrate a decrease in viability in the presence of STI571. To test this hypothesis, we utilized the MTT assay (Sigma, St. Louis, MO, USA). MDA-MB-435s and MDA-MB-468 cells were grown in the absence or presence of STI571 in serum, and MTT was added 72 h later (the same timepoint used for tritiated thymidine assays). Surprisingly, although there was a noticeable decrease in cell number in wells treated with STI571, there was increased rather than decreased MTT reduction to formazan in STI571-treated MDA-MB-435s and MDA-MB-468 cells, and the increase in formazan formation was dependent on the STI571 dose, which was observed with as little as 1 M STI571 (Fig. 2a, data not shown) . These data clearly were inconsistent with growth kinetic, tritiated thymidine, and caspase assays, and also were inconsistent with what was observed by eye (Fig. 1, data not shown) . To be certain that the MTT assay was working in our hands, we treated MDA-MB-435s cells with increasing doses of doxorubicin, a drug known to inhibit cell viability, and assessed the eVect on reduction of MTT. As shown in Fig. 2b , increasing doses of doxorubicin induced decreased reduction of MTT, demonstrating that the MTT assay eVectively assesses the ability of doxorubicin to inhibit viability.
To determine whether the eVect of STI571 on viability was speciWc to the tetrazolium-based assay, we assessed the eVect of STI571 treatment on the viability of MDA-MB435s and MDA-MB-468 cells using a diVerent assay, CTG (Promega, Fitchburg, WI, USA). CTG is a luminescent assay that quantitates the amount of cellular ATP present, which reXects the number of metabolically active, viable cells. Luciferase enzymatic activity requires ATP, and thus the amount of luminescent signal is proportional to the amount of ATP present in the lysate. Treatment of MDA-MB-435s and MDA-MB-468 cells with STI571 resulted in a decrease in CTG luminescence (Fig. 2c) consistent with growth kinetic, tritiated thymidine and caspase assays (Fig. 1) , although the decrease in luminescence was not as great as one would expect given the large eVect of STI571 on proliferation and its additional eVect on apoptosis. However, the CTG assay did detect a decrease in viability that was not observed with the MTT assay.
Discussion
Tetrazolium salt assays (MTT, MTS, XTT) are often used to screen cell lines for sensitivity to drugs, due to the fact that they are relatively inexpensive, are quick, easy, and quantitative. However, our data clearly show that STI571 cannot reliably be used in MTT assays when utilizing doses Experiments shown are mean § SEM of three independent experiments. Values were normalized to values obtained in untreated wells and expressed as a percentage of untreated. *P < 0.05, ***P < 0.001 using Student's t tests. c Cells were plated in 6-well dishes, the media was replaced with media containing STI571 the next day, and caspase-3/7 activity was detected in detached and attached cells by Xuorescent caspase assay, 40 h after treatment. Mean § SEM of three independent experiments. ***P < 0.001 using Student's t tests. Figure 1a was adapted from Srinivasan and Plattner [7] (Fig. 2, data not shown) , as it interferes with the assay. MTT assays have frequently been used to study the eVects of STI571. In leukemic cells, BCR-Abl is much more sensitive to STI571, and doses of 0.1-1 M inhibit BCR-Abl phosphorylation and/activity [4] . At these doses, STI571 may not aVect the MTT assay or may not aVect it to as great an extent as when higher doses are used. However, we and others have shown that higher doses of STI571 (5-10 M) are required to inhibit the activity of endogenous Abl kinases in non-transformed cells and in solid tumor cell lines [7, 16] . The MTT assay has been used frequently to determine the ability of STI571 to reduce viability in tumor cell lines. For example, one study used the MTT assay to determine the sensitivity of melanoma cells to STI571 [17] . This study concluded that M14 (MDA-MB-435) cells are resistant to the eVects of STI571, while we show that MDA-MB-435s cells are sensitive to STI571, using both proliferation and apoptosis assays. We performed sTR analysis to be certain that the cells we are utilizing are indeed derived from M14 melanoma cells, and this was determined to be the case, as all loci matched those obtained for M14 cells (data not shown). It is possible that MDA-MB-435s cells are sensitive to STI571 and MDA-MB-435 (M14) cells are not; however, it is more likely that the MTT assay was unable to detect sensitivity in the MDA-MB-435 cells (M14), since STI571 interferes with the assay. In another study, STI571 had no eVect on reduction of MTT to formazan in c-Kit-expressing Ewing sarcoma cells at doses of ·10 M STI571; however, a second assay to corroborate MTT results were not utilized [18] . Therefore, MTT assays cannot reliably be utilized to determine the eVect of STI571 on the viability of solid tumor cells if doses >1 M are utilized, as STI571 interferes with the assay, which may lead to erroneous conclusions.
Other drugs/compounds such as drug transporter inhibitors, interferons, resveratrol, and ursolic acid also interfere with MTT assays, and cause an underestimation of the cytotoxicity eVects [11] [12] [13] [14] . Genistein, a tyrosine kinase inhibitor, inhibits cell growth, but causes increased MTT reduction to formazan, most likely because it increases cell volume and mitochondrial number and activity [13] . It is possible that the tyrosine kinase inhibitor, STI571, may have a similar eVect on cell volume or mitochondrial number and/or activity. Factors in the cell culture environment such as pH and glucose supply also inXuence MTT reduction to formazan [19] . Decreased concentrations of D-glucose, NADH, or NADPH in the culture medium can induce decreased reduction of MTT to formazan, and thus drugs that aVect cell metabolism may cause alterations in mitochondrial activity and alter the validity of the assay [20] .
CTG viability assays give results that are more consistent with proliferation and apoptosis assays; however, this assay also appears to underestimate the eVects of STI571, which suggests that cell viability assays on their own are not as reliable as their use in combination with proliferation and apoptosis assays. In summary, our data emphasize that caution should be utilized when interpreting the results of tetrazolium assays for screening potential anti-cancer drugs, as the eVectiveness of the drugs may be minimized by the assay. MTT (a, b) or Cell Titer Glo (c) viability assays. Experiments shown are mean § SEM for three independent experiments. *P < 0.05, **P < 0.005, ***P < 0.001 using Student's t tests. Some error bars are too small to be visualized 
